Spatio-temporal variation of rupture activity is modelled assuming fluid migration in a narrow, porous fault zone formed along a vertical strike-slip fault in a semi-infinite elastic medium. The principle of the effective stress coupled to the Coulomb failure criterion introduces mechanical coupling between fault slip and the pore fluid. The fluid is assumed to flow out of a localized high-pressure fluid compartment in the fault at the onset of earthquake rupture. The duration of the earthquake sequence is assumed to be much shorter than the recurrence period of characteristic events on the fault. Both an earthquake swarm and a foreshock-main-shock sequence can be simulated by changing the relative magnitudes of the initial tectonic stress, pore fluid pressure, fracture strength and so on. When an inhomogeneity is introduced into the spatial distribution of fracture strength, high complexity is observed in the spatio-temporal variation of rupture activity. For example, the time interval between two successive events is highly irregular, and a relatively long quiescence of activity is sometimes observed in a foreshock-main-shock sequence. The quiescence is caused by the temporary arresting of rupture extension, due to an encounter with fault segments having locally high strengths. The frequency-magnitude statistics of intermediate-size events obey the Gutenberg-Richter relation. The calculations show the temporal variation of the b value during some foreshock sequences, and the degree of the change seems to depend on the statistical distribution of the fracture strength.
INTRODUCTION
owing to redistribution of materials in solution (Blanpied, Lockner & Byerlee 1992) . On the other hand, Sibson (1990, It is now widely believed that fluids exert significant mechanical 1992) proposed a conceptually different model for the mechand chemical effects on earthquake faulting. As a typical anism of local elevation of fluid pressure. He considered that mechanical effect, we can mention the reduction of the effective a transition from a hydrostatic to a suprahydrostatic fluid confining stress by zones of high pore fluid pressure, which regime occurs at some depth across a discrete permeability facilitates frictional slip at low fault shear stress (Raleigh, barrier on the basis of geological evidence. High-pressure fluids Healy & Bredehoeft 1976) . In fact, field observations indicate develop beneath the barrier because of hydrothermal pressure, fluid penetration of fault zones during slip, and a fault zone is progressive metamorphic dehydration and so on (Sibson, generally regarded as a fluid conduit on the basis of petrologic studies of exhumed fault zones (e.g. McCaig 1988; Evans 1990; 1990) . Rice (1992) also assumed a high-pressure fluid source deep in the crust near the ductile root of the fault. Forster, Goddard & Evans 1994) . Hence the transient elevation of pore fluid pressure is believed to initiate earthquake faulting.
Mechanical effects of fluids on earthquake faulting have been studied in a number of studies (e.g. Nur & Booker 1972; proposed a mechanism for elevating pore fluid pressure in which ductile creep compacts Rice & Simons 1976; Rudnicki & Chen 1988; Segall & Rice 1995; Miller, Nur & Olgaard 1996; Yamashita 1997) ; readers the pore spaces. The compaction leads to fluid pressure increase when fluid flow into the country rock is slow. In fact, are also recommended to refer to the recent special issue of J. geophys. Res. on the mechanical involvement of fluids in field observation of exhumed fault zones suggests that lowpermeability seals hydraulically isolate a fault zone from the faulting (Hickman, Sibson & Bruhn 1995) . Recently, much attention has been directed towards the effect of fluid migration country rocks (e.g. Chester, Evans & Biegel 1993) . Laboratory experiments clearly showed that an on the spatio-temporal variation of seismicity (Miller et al. 1996; Henderson & Maillot 1997; Yamashita 1997) . Our aim in this Paper I, which implies that the assumed time range is negligibly small compared to the recurrence period of characteristic paper is to extend the 1-D fault model embedded in a 2-D elastic medium of Yamashita (1997) to a more realistic 2-D events on the fault. The rupture occurrence is assumed to be dependent on the fault model embedded in a 3-D elastic medium. A detailed study was carried out on the dependence on model parameters pore fluid pressure p through the Coulomb fracture criterion coupled to the principle of effective stress: in the paper of Yamashita (1997) , hereafter referred to as Paper I. We specifically study the effect of fluid migration on t s =a 0 +m s (s n −p) , ( 1 ) the complexity of rupture activity in a rectangular fault in a semi-infinite elastic medium in the present paper. One of the where t s is the static shear traction at fracture, m s is the largest differences between fault models with 1-D and 2-D coefficient of static friction, s n is the total normal traction on extents will be the fluid flow detouring local obstacles in a 2-D the fault and a 0 is a parameter independent of s n and p. Our fault model. In addition, constant fluid flux at the end of a assumption of a strike-slip fault suggests that the rupture is sealed fault was assumed as a source of high-pressure fluid in initiated if the stress component p yx exceeds the threshold Paper I, so that the total fluid volume monotonically increases stress t s ; the stress suddenly drops to the residual level t f with with time in the fault zone. In contrast, we now assume a the onset of the rupture. The dependence of t f on s n and p high-pressure fluid source in a sealed fault, so that the total can also be written in the same form as eq.
(1) (Wong 1986 ; fluid volume is conserved in the fault zone during a rupture Yamashita & Ohnaka 1992) . sequence, which is consistent with the model of Sleep & The fault is assumed to comprise a computational grid Blanpied ( , 1994 . To be concrete, the high-pressure fluid where the space and time evolution of stress, relative slip and source is assumed to be localized near the bottom of a fault fluid pressure fields are calculated. All the physical quantities before the nucleation of ruptures in our present analysis, and are assumed to be constant on each fault segment; each the high-pressure fluid begins to flow out with the onset of segment has the same size, 500 m×500 m. These fault segments rupture as will be described in detail in the following section.
are assumed to rupture independently. The relative slip D, The other assumptions are fundamentally the same as in fluid pressure p and shear stress p yx are calculated at the centre Paper I.
of each segment. The fault length and width are assumed to It should be noted here that our concern is not with a be 21.5 km and 15.5 km respectively, and the top edge of quantitative explanation of an individual sequence of actual the fault is at a depth of 1.75 km (Fig. 1) ; the rigidity and earthquakes; we are, rather, interested in a qualitative underPoisson's ratio of the medium are fixed at 4×104 MPa and standing of the mechanical coupling between fluid migration 0.25 respectively. According to Rice (1993) , our fault model as and rupture occurrence on a 2-D fault because of the lack of well as that in Paper I is classified as an inherently discrete reliable and quantitative data necessary for a simulation.
fault model, which contrasts with a continuous model. The fluid flow alone will cause negligible deformation in the country rock because of the assumption of the narrow, straight MODEL AND FORMULATION fault zone. Hence the change in the stress p yx in the country We consider a vertical, rectangular strike-slip fault S in a rock can be described in terms of the relative slip alone. In semi-infinite isotropic homogeneous elastic medium (Fig. 1) . this paper, catastrophic rupture is assumed to be instantaneous, A narrow, porous fault zone sealed from the country rock so that quasi-static treatment is allowed. The stress due to along the fault, which behaves as a fluid conduit, is assumed.
relative slips on the fault segments can be obtained, using the The assumption of a sealed fault zone is based on field and expression given by Okada (1992) . It is generally expressed in laboratory observations, as stated in the Introduction. The a form remotely applied stress is assumed to be kept constant as in
at location x=(x, z) on the fault, where D i,j is the relative slip on the fault segment (i, j), and the expression for the function f i,j (x) is given by Okada (1992) . The relative slip can be calculated by the inversion of eq. (2), assuming the residual stress p yx =t f on slipped segments. The stress transfer from failed segments can also be calculated from eq. (2) once the slip is obtained. The remaining problem is to calculate the spatio-temporal variation of the pore fluid pressure, which appears in the expressions of the fracture condition (eq. 1) and the residual stress t f . The fault slip is coupled to the fluid migration through these conditions. Continuity of fluid mass yields (e.g. Segall & Rice 1995) where q=(q x , q y , q z ) is the fluid flux, r is the fluid density, w
The plane z=0 corresponds to the free surface. High-pressure fluid is is the porosity, and b f and b w are the fluid compressibility and initially localized at S 0 ; the rest of the fault, S 1 , is under much lower fluid pressure. elastic pore compressibility respectively. Darcy's law relates the fluid flux to the pore fluid gradient through
The rupture of the impermeable barrier at the boundary between S 0 and S 1 may also be regarded as the initiation of valve action if one is allowed to assume a sealed fault q=−r k g Vp , ( 4 ) and a localized overpressure zone in the framework of the model proposed by Sibson (1990 Sibson ( , 1992 . The rupture of the where g and k are the viscosity and permeability of the fluid permeability barrier between the hydrostatic and the suprarespectively. hydrostatic regime acts as valve promoting upward discharge As in Paper I, we simplify eq. (3) by assuming the fluid flow of fluids from the overpressure zone in his model. in the direction normal to the fault plane is small compared to the flow along the fault plane. This will be valid when the fault extent is much greater than the thickness of the fluid NUMERICAL VALUES OF THE MODEL conduit. The result is a reduction in the dimensionality of the PARAMETERS equation, which is obtained by the integration of eq. (3) in Information on the variation of the stress differences t s −t 0 the direction normal to the fault. As stated before, the fault and t f −t 0 on the fault at t=0 is required to carry out the zone is assumed to be sealed from the country rock, so that no simulation, where t 0 is the value of the tectonic shear stress fluid communication occurs across the fault zone boundaries p yx at t=0. Some idealized models have been proposed for at y=r(x) and s(x), that is, the depth variation of t s . Many researchers assume it on the basis of Byerlee's law (Byerlee 1978) and a hydrostatic pore fluid pressure gradient in the seismogenic layer (e.g. 1974 , 1982 , 1984 Yamashita & Ohnaka 1992) ; the depth dependence comes from the term s n −p in eq. (1). Yamashita & Ohnaka (1992) assumed t f to be linearly proportional to Hence we finally have s n −p on the basis of laboratory observations. However, there is no reliable information up to now on the depth variation c :
In addition, the assumption of a hydrostatic pore fluid pressure gradient may be far from realistic (Gold & Soter from eqs (3) and (4), where b(x)=r(x)−s(x) is the fault zone 1985). We make, considering these complicated circumstances, thickness at x. The parameter c : =k/gwb denotes the hydraulic one of the simplest assumptions; that is, the values of t 0 , s n diffusivity averaged over the fault zone thickness, and it is and p are assumed to be constant on the fault at t=0 except assumed to be constant on the fault. The pore fluid pressure in the high-pressure fluid compartment S 0 . These values are p in eq. (6) is regarded as the pressure averaged over the fault assumed somewhat arbitrarily, and so our understanding may zone thickness.
be qualitative. It should also be noted that the contribution We now assume shear-induced pore compaction in a sealed from the fault slip to the normal traction on the fault is fault ; Byerlee 1993) as a mechnegligible because of the assumptions of the narrow, straight anism for locally elevated fluid pressure. Byerlee (1993) fault zone and the occurrence of shear slip only. Hence eq.
(1) proposed that the formation of sealed fluid compartments of is rewritten as various sizes in a fault zone and their compaction can lead to
locally elevated fluid pressure. The seal formation is considered to be due to the redistribution of materials in solution as where a s is constant. The residual stress can be assumed to be discussed by . The rupture of of the form an impermeable seal separating one of the high-pressure fluid
compartments from the surrounding low-pressure one in a fault zone can trigger a sequence of earthquakes. On the basis where a f is constant and m f is the coefficient of sliding friction. of these studies, we assume We assume m s =m f =0.7 as in Paper I, and the swinging back of the relative slip is assumed to be prohibited in all the p(x)=p 0 xµS 0 following calculations. =p 1 xµS 1 (7) Laboratory and field observations suggest that fault zone thickness generally scales with accumulated slip (e.g. Engelder for the distribution of the pore fluid pressure at t=0 on the 1974 ; Teufel 1981; Hull 1988; Chester et al. 1993) , although fault S (=S 0 +S 1 ), where p 0 >p 1 and S 0 is a localized highthe data scatter is rather large (Evans 1990). We assume a pressure fluid source at the bottom of the fault (Fig. 1) ; the simple linear relation
between them on rest of the fault S 1 is assumed to be under lower fluid pressure. the basis of these observations, where D m (x) is the relative slip An impermeable seal is assumed at the boundary between S 0 at location x caused by the mth catastrophic event in a rupture and S 1 for t<0; the failure of the seal at t=0 nucleates a sequence, and b 0 is the initial thickness of the fluid conduit. rupture sequence. The region S 0 can be regarded as a sealed The assumption of a non-zero value for b 0 implies that a fault high-pressure fluid compartment in a fault zone in Byerlee's zone behaves as a fluid conduit even before rupture nucleation. (1993) model. The periphery of the fault ∂S is assumed to be
The parameter j appears to be in the range 0.01<j<0.1 impermeable during the rupture sequence, so that the boundary (Engelder 1974; Teufel 1981; Evans 1990) . The fault zone condition there is given by expansion implies the formation of a new fault zone boundary ∂p/∂n=0 on ∂S for t>0 , ( 8 ) outside the original one. As in Paper I, we assume the formation of new seals at the new fault zone boundary soon after the where n is the normal to the periphery. Eq. (6) is solved with the conditions (7) and (8) in a finite difference scheme.
occurrence of a local rupture, due to the redistribution of duration of earthquake rupture, compared to the flow along the fault. It should be noted that the permeability in the
country rock is, in general, relatively low, so that the flow into zone and country rock if the outflow to the country rock
continues. mined by the hydraulic diffusivity c : , and a non-dimensional time can be defined as T =c : t/h2, where h (=500 m) is the side length of a fault segment. One of the difficulties in estimating the value of c : is associated with the estimation of the permeability k. Brace (1980) compiled laboratory, in situ and out for different values of the strength a s in S 1 . Magnitudes of inferred values of permeability of crystalline and argillaceous events are given by the moment magnitude in all the calcurocks. He indicated that a four to six orders of magnitude lations in this paper. Fig. 2 (a) shows, for model H1, that the variation of k is typical at a particular site for in situ measureactivity is high, and no single predominant, principal event is ment; the data for depths from 0.5 to 3 km show a range of observed in a sequence which ruptures the entire region of S 0 , values from 10−18 to 10−12 m2. Forster et al. (1994) examined except the initial event, when the fracture strength is relatively the permeability of exhumed fault rock that was reported to low as here. This is a conspicuous feature of an earthquake have been formed at depths from 4 to 7 km. They showed that swarm; an earthquake swarm is generally characterized as a the fault-damaged zone has a consistently higher permeability sequence of earthquakes in which there is no single prethan the adjacent rocks. Their estimate is 10−16 to 10−14 m2 dominant, principal event. Hence the occurrence of an earthin the damaged zone. Davison & Kozak (1988) gave a range quake swarm can be understood as a sequence of ruptures of 10−17 to 10−11 m2 for in situ values of damage and gouge driven by fluid migration in a case when the fracture strength zone permeabilities of a thrust fault in crystalline rocks.
is relatively low and the initial tectonic stress is lower than the We therefore assume a range of 10−18 to 10−11 m2 for the residual stress. The non-observation of a single predominant permeability of the fault zone in the simulation, although such event is due to the fact that each catastrophic rupture is forced a large variation makes a reliable estimate of rupture duration to occur by fluid migration in model H1. In other words, very difficult. It seems that the other poroelastic parameters, rupture cannot grow spontaneously ahead of the migration g, w and b, can be estimated in much narrower ranges (e.g. front of the fluid. Byerlee 1993; Segall & Rice 1995; Wong, Ko & Olgaard 1997) .
In contrast with model H1, a predominant large event is observed near the termination of a sequence in model H2 for the values 38.0 MPa≤a s ≤40.0 MPa, and the sequences have DEPENDENC E ON MODEL PARAMETERS the features of a foreshock-main-shock sequence (Fig. 2b) .
IN HOMOGENEOUS MODELS
This predominant large event ruptures almost all the segments There is either some uncertainty or a large variation in the that have remained unbroken, as will be shown in the following values of some model parameters. It will therefore be useful to section. This occurs because rupture can grow spontaneously investigate the dependence of the results on such model ahead of the migration front of the fluid after the dimensions parameters for homogeneous models, which are here defined of the ruptured region attain some critical level; the rupture as models in which distributions of the model parameters are tip stress generally increases with increasing rupture size when spatially homogeneous on the fault except in the high-pressure t 0 >t f . The largest event in a sequence that ruptures almost fluid source S 0 . the entire fault is referred to as a main shock in this paper; We first investigate the effect of the stress difference t 0 −t f , smaller events preceding it are referred to as foreshocks. The assuming two typical homogeneous models, models H1 and above consideration implies that the magnitude of a main H2 (see Table 1 ). In model H1, the tectonic stress t 0 is assumed shock would be larger if a larger fault were assumed; however, to be smaller than the residual stress t f at t=0 in S 1 , while the magnitudes of foreshocks would be almost the same. When the reverse is assumed in model H2. The same fluid pressure a s is larger than 40.0 MPa, rupture cannot grow up to a critical in S 1 is assumed in both models at t=0. Table 1 implies size to rupture almost the entire system, because of higher t s $t 0 in the high-pressure fluid compartment S 0 at t=0 in rupture resistance. Hence a main shock cannot be observed in both models; hence the rupture is on the verge of nucleation such a case, and a sequence ceases earlier. If a s is smaller than there. As stated in the preceding section, the impermeable seal 38.0 MPa, a main shock occurs suddenly without foreshocks, at the boundary between the regions S 0 and S 1 is broken at because of the smaller rupture resistance. t=+0 simultaneously with the rupture of the region S 0 . A reliable estimate of the duration of the rupture sequence is Calculated results of the temporal variation of rupture activity difficult in terms of physical time t because of the large variation of the permeability as stated above. If we assume w=0.1, are shown in Fig. 2 for both models; simulations were carried g=2×10−4 Pa s, b w =5×10−9 Pa−1, b f =2×10−10 Pa−1 also find a higher possibility of occurrence of a main shock for a smaller value of b 0 . This will occur because the fluid (Wong et al. 1997 ) and the range k=10−18 m2 to 10−11 m2, then the non-dimensional duration time T =10.0 corresponds pressure decays earlier when the thickness of fluid conduit is larger. Fig. 3( b) shows the dependence of the rupture activity to the range t=7.2 hr to 8244 yr. This variation is too large for a reliable estimate of earthquake occurrence. on j and b 0 for a value of a s fixed at 40.0 MPa. As anticipated, the dependence on j tends to disappear as b 0 increases. The fault zone thickness during a rupture sequence is related to its initial thickness b 0 and the coefficient j. It is easily Fig. 3 ( b) also shows higher rupture activity for j=0.1 than for j=0.0. This may be because the fluid pressure build-up is anticipated that the dependence on j is negligible when b 0 is large enough. Since we have almost no information about rather sensitive to the spatial variation of the fluid conduit thickness in our modelling for j>0.0. As shown in eq. (6), the the value of b 0 , and j appears to be distributed in a certain range, some calculations were carried out to investigate the temporal increase rate of the fluid pressure is dependent on the spatial changes in the fluid pressure and the fluid conduit dependence on b 0 and j, in which model H2 was assumed. Fig. 3(a) shows the dependence of the rupture activity on b 0 thickness for j>0.0. Our calculation therefore suggests that variation of the fluid conduit thickness along a fault will cause and a s for a value of j fixed at 0.1. It is generally observed that rupture activity is higher for a smaller value of b 0 . We a diversity in a sequence of earthquakes. cm. An open symbol denotes a sequence having a main shock in each of (a) and (b); no main shock is observed in a sequence shown by a closed symbol.
As shown above, some foreshock activity is clearly observed SPATIO-TEMPORAL VARIATION OF if a s is in a certain range (see Figs 2b and 3a) . It can be RUPTURE ACTIVITY FOR A observed in Fig. 2 
( b) that the magnitudes of foreshocks tend HOMOGENEOUS MODEL
to increase with time. This reflects the fact that a larger area tends to be ruptured by a foreshock at a later stage of the The spatio-temporal variation of rupture activity is now investigated for a typical sequence of model H2 having sequence. As typically observed (Fig. 4) , the rupture region advances one fault segment by the occurrence of a single the feature of a foreshock-main-shock sequence. Such a study will be useful to investigate the possibility of predicting the foreshock in each simulation. Larger numbers of segments are, however, ruptured along the periphery of the rupture region occurrence of a large earthquake from the observation of seismic activity preceding it. As shown in the preceding section, by a later event since the periphery length of the rupture region increases with rupture growth; this causes a larger a main shock occurs suddenly without foreshocks if the strength a s is small enough. Hence there is no possibility of foreshock at a later stage. We can also observe a regularity in the temporal variation of the time interval between two prediction in such a case if we rely only on seismic activity observation. successive events; a typical example is illustrated in Fig. 5 . This occurrence rate is closely related to the value of the rupture tip stress relative to that of the static frictional stress t s . Since the rupture tip stress is generally small at the beginning stage of the rupture sequence, the occurrence of rupture is mainly facilitated by the decrease of t s due to the migration of the fluid. However, the fluid pressure near the rupture tip decays with time owing to its spreading over the fault, which causes a deceleration of rupture occurrence rate with time at the beginning stage, as observed in Fig. 5 . However, the effect of increase in the rupture tip stress tends to overwhelm that of the fluid pressure if the rupture region continues to grow; note that the rupture tip stress is generally larger for a larger rupture area when the stress release is positive there. This will cause an acceleration of activity at the later stage. The main shock finally occurs once the extent of the rupture area exceeds a certain critical value.
The above consideration suggests that the imminence of the occurrence of a large event can be estimated if many foreshocks are observed: we have observed the general tendency that the magnitudes of foreshocks increase and the time interval between two successive events decreases with time immediately before the occurrence of a main shock. However, it will be shown in the following section that this regularity can be observed only when the strength a s is homogeneous over the fault.
Lastly, the spatio-temporal growth pattern of the rupture area for model H1 will be briefly mentioned. Our calculations show, in contrast to model H2, that only a few segments are ruptured along the periphery of the rupture region by a single event, even at a later stage of the sequence. We assumed in the preceding two sections that all the model event at the time shown, and the black zone is an area that has already parameters are homogeneously distributed over the fault ruptured. The area which has experienced no slip is shown by the except at the high-pressure fluid source S 0 . However, such an grey zone.
assumption is sometimes an oversimplification when our model is applied to shallow earthquakes. In fact, earthquake rupture figure shows that the time interval tends to increase with time complexity, commonly found for large shallow events, is someat the beginning of the foreshock sequence. However, the times attributed to the spatial inhomogeneity in mechanical rupture occurrence rate is significantly accelerated immediately before the occurrence of the main shock. The rupture properties of fault zone material (e.g. Kame & Yamashita 1997) . One of the most important parameters is the fracture strength t s . Its inhomogeneity has been shown to cause high diversity in earthquake ruptures; for instance, it can temporarily decelerate the rupture growth, or sometimes arrest it (e.g. Das & Aki 1977). Now we assume an inhomogeneity in the strength a s to consider the effect of inhomogeneous fracture strength distribution; the other parameters are assumed to be homogeneously distributed.
The strength a s is assumed to be statistically distributed in a specified range in S 1 , and only the effect of the extent of the distribution is now considered. Such models are referred to as inhomogeneous models in the present paper. We specifically assume two models for the distribution, model I1 (36.0 MPa<a s <44.0 MPa) and model I2 (34.0 MPa<a s <46.0 MPa); the probability density is assumed to be homogeneous in each range. All the other model parameters are assumed to be the same as in the model H2 studied in the preceding section. Model I2 is characterized by having a larger extent of the distribution, while the mean value of the distribution is fixed at 40.0 MPa in both models, which is a value assumed for a s in the simulation of model H2. High foreshock activity is expected for models I1 and I2 since considerable foreshock activity is observed for a s =40.0 MPa in model H2. Our main objective here is to investigate the characteristics of foreshocks in the inhomogeneous models. 10 simulations were carried out in each of models I1 and I2 with a different set of values of a s ; each numerical experiment was the simulation of one rupture sequence. The calculation was carried out in each simulation until a main shock occurred. The assumption of a statistical distribution for a s introduces an inhomogeneity in the spatial distribution of t s in S 1 ; we have 22.0 MPa<t s <30.0 MPa and 20.0 MPa<t s <32.0 MPa for models I1 and I2 respectively at t=0. This suggests that a slight perturbation in the fluid pressure or stress can cause local catastrophic ruptures in S 1 in model I2 because of the assumption of the initial tectonic stress t 0 =20.0 MPa. temporal variation of rupture activity in the inhomogeneous models. The temporal variation of rupture occurrence rate is considerably irregular, as exemplified in Fig. 6 . A quiescence and (b): small-scale local ruptures occur ahead of the rupture front of the main rupture region in model I2. These ruptures of rupture activity is found for 8.2<T <15.0 in the sequence illustrated in Fig. 6(a) . Fig. 6(b) shows a decrease in the rupture can occur because of the existence of fault segments whose fracture strengths are almost equal to the initial tectonic stress activity immediately before the occurrence of the main shock, which makes a vast difference from the examples in the in model I2, as stated above. Although there is a large variation in the spatio-temporal growth pattern of rupture regions homogeneous models. As noted above, the main shock would be much larger if a larger fault were assumed. Our calculations among the calculated examples, the fluid migration is not very different in each sequence. In fact, as illustrated in Fig. 8 , large show that the quiescence of rupture activity is caused by the temporary arresting of rupture extension due to an encounter heterogeneity is not observed in the fluid migration even in the complex sequence shown in Fig. 6( b) . This implies that with segments having locally high strengths; the rupture extension is resumed if a sufficient pore fluid pressure is the assumed range 0<j<0.01 cannot produce a very large interaction between the fluid conduit thickness and fluid accumulated near the rupture tip.
The complexity in the temporal variation of rupture activity migration. is closely related to the irregular extension of the rupture front. Fig. 7 illustrates the spatio-temporal growth of the rupture FREQUENCY DISTRIBUTION OF EVENT area for the examples shown in Fig. 6 . It is characteristic in SIZES FOR INHOMOGENEOUS MODELS the inhomogeneous models that the form of rupture front is highly irregular, and that the rupture front sometimes advances It has been shown in a number of simulation studies that the observation of a power-law frequency distribution for the event several fault segments in a single foreshock. This is not observed in the homogeneous models; compare Figs 4 and 7. The sizes is closely related to the mechanical coupling between fault segments (e.g. Bak & Tang 1989; Rice 1993 ; Yamashita advancement by several fault segments in only the inhomogeneous models was also observed in the 2-D study of Paper I. 1993 Paper I. , 1997 . We now investigate the frequency distribution of event sizes for the inhomogeneous models. Although this We can also notice a remarkable difference between Figs 7(a) Figure 7 . Spatio-temporal pattern of rupture front extension for the example shown in (a) Fig. 6(a), (b) Fig. 6( b) . Black, white and grey zones as in Fig. 4 . 1967). The deviation from the GR relation for the events with M<4.0 is due to the lack of strong interactions among fault segments. In fact, each small event for M<4.0 ruptures only one fault segment. Larger-size events for M>6.0 will not obey the GR relation because of the finiteness of the system size; all of the events for M>6.0 rupture almost the entire fault. Fig. 9 shows that the b value is slightly larger when the variance of the strength distribution is larger. Yamashita (1993) also showed that the b value depends on the fracture strength distribution on a fault, assuming a fault model consisting of a large number of cracks distributed in a 1-D array. Regional variation of the b value has been reported in some seismological observations (e.g. Utsu 1967). Such an observation is possibly related to a regional change of the fracture strength distribution.
It is sometimes reported in experimental and seismological observations that the b value decreases as a foreshock process evolves (von Seggern 1980; Sammonds, Meredith & Main 1992) . The same behaviour is clearly observed in the simulation of model I1, as illustrated in Fig. 10(a) . Fig. 10(a) shows the frequency distribution of event sizes at two successive time periods immediately before the occurrence of the main shock; the results of 10 simulations are superimposed in each time period. However, our calculation also shows that the decrease in the b value is much smaller when the variance of the distribution of a s is larger (Fig. 10b) . It is therefore suggested sequence is dependent on the mechanical structure of a fault.
was also studied in Paper I, quantitative comparison with DISCUSSION AND CONC LUSIONS seismological observation is not straightforward in such 2-D models. As observed in Fig. 2 , smaller-size events are not
We have studied the effect of mechanical coupling between elastic deformation and fluid migration on the spatio-temporal necessarily more abundant in the homogeneous models, so that the Gutenberg-Richter (GR) relation cannot be expected evolution of rupture. It was shown that rupture activity shows a high complexity due to such coupling when the fracture to apply in the homogeneous models. In contrast, the number of smaller-size events appears to be larger in the inhomostrength is inhomogeneously distributed over the fault. For instance, the time interval between two successive events is geneous models, as typically observed in Fig. 6 . In fact, the cumulative frequency-magnitude distribution satisfies the GR highly irregular, and a relatively long quiescence of activity is sometimes observed in a rupture sequence. Furthermore, relation for intermediate-size events (Fig. 9) . The b value is approximately equal to 1.0 in both inhomogeneous models, sequences having features of an earthquake swarm, and foreshock-main-shock sequences can both be simulated in our which agrees well with seismological observations (e.g. Utsu as large as that used in the calculations for the homogeneous and inhomogeneous models. The model parameters were the same as those for model H2, except for the size of the fault segment. The results for the temporal variation of activity are shown in Fig. 11 for some values of a s ; the calculations were carried out only up to time T =2.25 because of the CPU time limit. We can observe qualitatively the same phenomena as observed in Fig. 2(b) . For example, it is observed that the magnitudes of foreshocks tend to increase with time (see the example of a s =42.0), and the duration of the foreshock sequence seems to be larger when the value of a s is larger. Larger numbers of small-size events are expected when the size of fault segment is smaller, as typically observed in Fig. 11 . Since each small-size event deviating from the power-law behaviour is associated with the rupture of only one fault segment as stated above, the low-magnitude cut-off of the power law behaviour will decrease with decreasing fault segment size.
An earthquake swarm is generally characterized as a sequence of earthquakes in which there is no single predominant, principal event. This feature of an earthquake swarm is consistent with our modelling results if ruptures are forced to occur by fluid migration in a case where the fracture strength is relatively low and the initial tectonic stress is lower than the residual stress. In fact, the occurrence of earthquake swarms was observed to be closely associated with pore fluid flow in some examples. One of the well-known examples is the Matsushiro, Japan, earthquake swarm that began in 1964; a large amount of fluid outflow was observed at a peak of seismic activity (Ohtake 1976). It was also reported for this swarm that the seismic source region slowly expanded with time, and the activity tended to be concentrated near the periphery of the expanding source region (Ohtake 1976), which is qualitatively similar to our simulation results. It was shown in Paper I that a rupture sequence having the features of an Matsushiro swarm tends to spread throughout a substantial model. A statistical regularity is observed in the frequency distribution of magnitudes, which agrees well with the GR relation; the b value seems to be slightly dependent on the fracture strength distribution over the fault. The above results are qualitatively the same as those obtained in 2-D simulations in Paper I. Our calculation also shows a temporal variation of the b value during some foreshock sequences. As mentioned above, our fault model, as well as that in Paper I, is classified as an inherently discrete fault model, which contrasts with a continuum model. While fault segments can rupture individually in the former type of model, they cannot in the latter. The motivation for the inherently discrete model was discussed by Ben-Zion & Rice (1995) . Each fault segment was assumed to have a size 500×500 m in our calculations, mainly because of computer capability. However, even if smaller fault segments are assumed, qualitatively the same results can be expected for the behaviour of ruptures size of 166.67×166.67 m; the area of the segment is one-ninth
